Background: Acute kidney injury (AKI), which may progress to end-stage kidney disease (ESKD), is a potential complication of aortic dissection. Notably, in all reported ESKD cases secondary to aortic dissection, imaging evidence of static obstruction of the renal arteries always shows either renal artery stenosis or extension of the dissection into the renal arteries. Case presentation: We present the case of a 58-year-old man with hypertension who was diagnosed with a Stanford type B aortic dissection and treated with medications alone because there were no obvious findings indicative of dissection involving the renal arteries. He had AKI, which unexpectedly progressed to ESKD, without any radiological evidence of direct involvement of the renal arteries. Thus, we failed to attribute the ESKD to the dissection and hesitated to perform any surgical intervention. Nevertheless, the patient's hormonal levels, fractional excretion values, ankle brachial indices, and Doppler resistive indices seemed to indirectly suggest kidney malperfusion and implied renal artery hypo-perfusion. However, abdominal computed tomography imaging only revealed progressive thrombotic obstruction of the false lumen and compression of the true lumen in the descending thoracic aorta, despite the absence of anatomical blockage of renal artery perfusion. Later, signs of peripheral malperfusion, such as intermittent claudication, necessitated surgical intervention; a graft replacement of the aorta was performed. Post-operatively, the patient completely recovered after 3 months of haemodialysis, and the markers that had pre-operatively suggested decreased renal bloodstream normalised with recovery of kidney function. Conclusions: To the best of our knowledge, this is the first report of severe AKI, secondary to aortic dissection, without direct renal artery obstruction, which progressed to "temporary" ESKD and was resolved following surgery. This case suggests that only coarctation above the renal artery branches following an aortic dissection can progress AKI to ESKD, despite the absence of radiological evidence confirming an obvious anatomical blockage. Further, indirect markers suggestive of decreased renal blood flow, such as ankle brachial indices, renal artery resistive indices, urinary excretion fractions, and hormonal changes, are useful for evaluating concomitant AKI and may indicate the need for surgical intervention after a Stanford type B aortic dissection.
Background
Acute kidney injury (AKI) is a global problem known to increase the risk of chronic kidney disease (CKD) and end-stage kidney disease (ESKD) [1] [2] [3] . Severe AKI sometimes requires renal replacement therapy (RRT) [4] , but the resultant ESKD is less frequent than the resultant CKD. A meta-analysis on the long-term renal/non-renal outcomes in patients with AKI reported that the pooled incidence of CKD was 25.8 per 100 person-years, while that of ESKD was 8.6 per 100 person-years [2] . One cause of AKI is aortic dissection, reported in 4-12% of AKI cases [5] . Its pathophysiology is considered to involve either a static renal artery obstruction (Fig. 1a ), such as secondary stenosis, or a dynamic obstruction, such as a flap in front of the renal artery orifices (Fig. 1b) [5, 6] . Surgical interventions for aortic dissection have rescued patients from ESKD [7] [8] [9] [10] ; these patients had static renal artery obstructions, confirmed by imaging, secondary to aortic dissections. Here, we present the first report of a patient who experienced RRT dependency for 3 months due to an aortic dissection without any imaging findings suggestive of static renal artery obstruction; his "temporary" ESKD unexpectedly resolved following aortic surgery. ESKD normally refers to a permanent state of dialysis dependency. Here, we use the term "temporary" ESKD, which refers to AKI that is severe enough to require dialysis for a period greater than 1 month but without being a permanent requirement.
Case presentation
A 58-year-old man with hypertension, without renal dysfunction or family history of aortic dissection, presented with back pain and respiratory discomfort. His blood pressure was 198/110 mmHg with blood urea nitrogen (BUN) and serum creatinine (Cr) levels of 23 mg/dL and 1.8 mg/dL, respectively. The serum creatinine level a year and half before this episode was 1.12 mg/dL. The laboratory data on admission are presented in Table 1 . Contrast computed tomography (CT) revealed a Stanford type B aortic dissection from the origin of the left subclavian artery to the abdominal aorta, below the divergence of the renal artery; the renal arteries were intact ( Fig. 2a-c ). There was little evidence of organ ischemia. Dashed and two red arrows into the renal artery indicate insufficient and sufficient blood flow, respectively. a Schematic model of static obstruction. Static obstruction involves renal artery stenosis or dissection into the renal artery, causing stably hindered renal perfusion, resulting in insufficient blood stream into the kidney. b Schematic model of dynamic obstruction. Dynamic obstruction occurs when the aortic dissection causes an intermittent blockage of renal artery perfusion, resulting in intermittently insufficient blood stream into the kidney. c Schematic model of upstream aortic obstruction in the patient. As time passed after admission of the patient, obstruction above the renal artery branches progressed, causing insufficient blood stream into the kidney The patient was hospitalised to monitor and control his blood pressure and to treat the aortic dissection considering the lack of evidence of concomitant organ ischemia. Anti-hypertensives were administered, and the CT scan was repeated to check for development of ischemic complications. On day 12, the follow-up CT showed compression of the descending aorta without compression or obstruction of the renal arteries ( Fig. 2d ). However, 1 month after admission, his kidney function dramatically deteriorated and, laboratory data revealed severe renal dysfunction with worsening BUN (44 mg/dL) and Cr (5.6 mg/dL) levels. Abdominal ultrasonography did not suggest any structural abnormalities or chronic atrophy in the kidneys, renal artery stenosis, or decreased kidney perfusion; his resistive index (RI) values were initially 0.5-0.6. Meanwhile, hormonal data and fractional excretions of sodium (FENa) and urea nitrogen (FEUN) confirmed a prerenal pattern or decreased renal blood flow (plasma renin activity [PRA], 5 ng·mL − 1 ·hr. − 1 ; plasma aldosterone concentration [PAC], 287 pg/mL; FENa, 0.3%; FEUN, 8%). Other laboratory data did not specify the aetiology of the severe AKI apart from the prerenal AKI factors ( Table 2 ). We continued with crystalloid fluid infusion, but the AKI was refractory. A catheter was inserted for haemodialysis, which was started 33 days after admission following acute renal failure with refractory oliguria (Fig. 3) .
On day 44, he complained of back pain, bilateral foot numbness, and paraparesis and demonstrated signs of infection ( Fig. 3 ). Abdominal CT imaging revealed progressive thrombotic obstruction of the false lumen and compression of the true lumen in the descending thoracic aorta, while there was still no evidence of renal artery obstruction owing to the dissection ( Fig. 2e-i) . Thus, the paraparesis was attributed to decreased blood flow to the spinal cord. After spinal fluid drainage, the patient regained complete motor strength, and his walking improved with physiotherapy. The patient experienced intermittent claudication, and because the neurological signs and symptoms progressed owing to aortic dissection, surgery was considered. At the same time, his right and left ankle brachial indices (ABI) were 0.33 and 0.37, respectively. However, surgery was postponed because of concomitant infections, including catheter-related infection and pneumonia. The catheterrelated infection was owing to methicillin-sensitiveStaphylococcus aureus detected in the blood culture. We removed the catheter and administered ceftriaxone; however, the patient developed pneumonia in the right lobe, and we changed the antibiotic from ceftriaxone to meropenem. Thus, we administered antibiotics for 2 weeks, and confirmed a negative blood culture after treatment without any complications, such as infectious endocarditis (Fig. 3 ). The RI of both renal arteries decreased to 0.3-0.4; however, there was no evidence of static renal artery obstruction ( Fig. 2e -i).
Four months after admission, the patient's systemic status improved, and a prosthetic replacement of the dissected aorta was performed. Intraoperatively, we found a 3-cm tear on the distal side of the lesser curvature, near the bifurcation of the left subclavian artery. The tear was resected, and graft replacement performed ( Fig. 2j-l) . Surprisingly, the patient's anuria resolved, post-operatively, despite 3 months of dialysis. Five days post-operatively, his kidney function improved with Cr and BUN levels of 1.3 and 19 mg/dL, respectively ( Fig. 3 ). Hormonal data, FENa, and FEUN recovered as well (PRA, 0.8 ng·mL − 1 ·hr. − 1 ; PAC, 106 pg/mL; FENa, 13%, FEUN, 69%; RI of renal arteries: 0.6-0.7; ABI: 1.14-1.27). The patient successfully recovered from dialysis-dependent ESKD. Thereafter, he did not require dialysis (Cr levels, 1.3-1.5 mg/dL) and did not experience neurological after-effects. 
Discussion and conclusions
Aortic dissections result from intimal layer tears that result in blood in the media or intramural haemorrhages; conversely, a haematoma in the media leads to perforation of the intima [11] . According to the International Registry of Acute Aortic Dissection, risk factors include hypertension, pre-existing aortic aneurysm, bicuspid aortic valve, collagen diseases such as Marfan syndrome, male sex, and age > 60 years [12, 13] . Although Stanford type A dissections require emergency surgeries [14, 15] , Stanford type B dissections may be managed with medication [6, 16] . However, impaired blood flow to the organs and limbs necessitates surgical intervention [17] ; our patient showed progression of neurological symptoms and decreased ABI, indicative of low perfusion to the lower limbs and cardiovascular abnormality [18] , and decreased renal artery RI, suggesting a further decrease in renal perfusion [19] . Generally speaking, for patients with life-threatening complications of acute type B aortic dissections emergency treatment options include open surgical aortic graft replacement; thoracic aortic stent-grafting; interventional or surgical abdominal fenestration; and catheter reperfusion or extraanatomic surgical bypass, or both [6] . Despite its invasiveness and risk, we considered surgical graft replacement to be the most appropriate therapy, based on the patient's age and anatomical characteristics. Therefore, after obtaining informed consent, we performed an open surgical aortic graft replacement. In another report, the doctors chose to perform thoracic endovascular aortic repair in a patient undergoing AKI owing to the dissection [20] , so the surgical procedure is a matter of choice based on the characteristics of the patient and aortic dissection. Aortic dissection often results in vascular complications, such as stroke and visceral ischemia [21] . Renal ) showing that the true lumen was more severely compressed by the false than that denoted on the scan taken just after admission (d).
(e-i) CT scans of day 57. Sagittal view recorded by two-dimensional computed tomography (CT) angiography (e), three-dimensional CT angiography (f), and axial sections (g-i) showing the true lumen more severely compressed by the false lumen (blue arrow) than that noted on the scans taken on day 12. j Sagittal view recorded pre-operatively on two-dimensional CT angiography showing the true lumen more severely compressed by the false lumen (blue arrow) than that noted in the scan taken on day 57. k Pre-operative three-dimensional CT angiography reveals the false lumen tightly compressing the true lumen (blue arrow). Despite the compression on the thoracic part (blue arrow), on the abdominal level there is no anatomical obstruction; no static obstruction of the renal arteries is evident (red arrows). l After aortic graft replacement, three-dimensional CT angiography indicated that the patency of the aorta was successfully re-established (blue arrow). Changes in the morphology of the renal arteries are not apparent (red arrows). Blue arrows indicate the site of existing dissection (a, d-f, j, k), and the site where the graft was inserted (l); red arrows indicate renal arteries (b, c, g-i, k, l) complications secondary to aortic dissection are relatively common [5] , yet there are few reports on aortic dissection with concomitant AKI requiring RRT [7-10, 20, 22, 23] . The aetiologies of severe AKI due to aortic dissection in these reports were mostly limited to static obstructions (see Fig. 1a ), such as stenosis or dissection. To the best of our knowledge, this is the first report of severe AKI, secondary to aortic dissection without anatomically direct renal artery obstruction, which progressed to ESKD that resolved following surgery. The accelerated AKI could have been explained by the aggravated obstruction in this patient (Fig. 1c) because of a false lumen in the descending aorta that compressed the true lumen, decreasing the downstream blood flow. Dynamic or upstream obstructions have been reported to cause malperfusions more commonly than static obstructions [5] ; however, ESKD has not been previously reported.
Significant reversal of renal function in people requiring RRT is rare [24] with recovery rates of < 10% [22, 24] . The causal factors for such "temporary" ESKD overlap with those of AKI (e.g. acute interstitial nephritis and acute tubular necrosis) [25] . The characteristic aetiology of "temporary" ESKD is that the source of renal damage is mainly infectious diseases, and autoimmune diseases, which can be treatable or even curable ones [25] . Although rare, aortic dissections sometimes result in decreased renal blood flow [26] . However, patients who recover from ESKD and achieve improved kidney function have rarely had aortic dissections diagnosed as the aetiology [25] , and this may be because aortic dissections have high mortality [5] . Table 3 summarises the previous reports of patients who suffered from "temporary" conditions necessitating dialysis for more than 1 month owing to Stanford B aortic dissection but did not require dialysis thereafter [7] [8] [9] [10] . We have limited the cases in this table to those in whom kidney function was restored following "temporary" ESKD more than one-month-old because intervention against aortic dissection often complicates patients with AKI [27] and to those with Stanford B aortic dissection because Stanford A aortic dissection itself generally requires prompt operation [14, 15] . Hence, it is virtually impossible to observe patients with Stanford A aortic dissection without performing any interventions for more than a month. Although the risk factors of postsurgical AKI following aortic dissection are identified [27] , those of pre-surgical AKI, especially AKI necessitating RRT following aortic dissection are unknown owing to the limited number of reports [7-10, 20, 22, 23] , Based on the data in Table 3 , all patients had a history of hypertension in common, which is a risk factor for aortic aneurysm [12, 13] ; thus, hypertension may be a risk factor for pre-surgical AKI requiring RRT owing to Stanford type B aortic dissection. We also observed from Table 3 that three out of the five patients underwent percutaneous intervention instead of surgical procedure, which could be attributed to the patients' possible intolerability to surgery or characteristics of aortic dissection [7] [8] [9] . Surprisingly, in one of the 5 reports, the patient was relieved of dialysis without any intervention specific to the dissection [10] ; however, this scenario seems rare. This hypothesis was supported by the fact that another ESKD patient following Stanford B aortic dissection who did not undergo surgical or radiological treatment, continued to be on permanent dialysis [22] . As in this report, if a patient does not have evidence of a static renal obstruction following an aortic dissection that causes severe AKI, uncovering the association is very difficult. Despite the absence of radiological evidence, the aortic dissection was the primary cause, because the surgical intervention put an end to the RRT dependency of the patient. Of course, other factors that cause AKI could have exacerbated the AKI. For instance, recurrent infections can worsen AKI, since infection is a major cause of AKI [28] . In fact, after the admission of the patient, the patient experienced several severe infections, such as vascular catheter-related infections or pneumonia. However, the association of AKI and infection in our case is weak because the infectious diseases originated from a 2-week-old catheter while undergoing haemodialysis; hence, the patient was already dialysisdependent at the time of the first infection.
After diagnosing the aortic dissection, we provided conservative medical treatment with careful monitoring for possible complications of Stanford type B dissection [6] . Although the patient's kidney function deteriorated after admission, no radiological evidence of its association with the dissection was initially available. Initial differential diagnoses included infections, anatomical renal artery constriction, and renal embolism due to the dissection. The former probably affected renal function deterioration partially, but the CT and ultrasonography images supported the absence of the latter two. We were at a loss as to what caused the severe AKI initially; surgical treatment became absolutely necessary because of the vertebral infarction that occurred a few months after admission-an obvious complication of aortic dissection. However, in retrospect, indirect signs of renal ischemia were present, such as the decreased renal artery RI, which suggested severely low renal perfusion [19, 29] . Our evaluation method was in accordance with the report by Crawford et al. who described the usefulness of renal artery Doppler ultrasonography for evaluating renal ischemia due to aortic dissection [5] . Additionally, low FENa and FEUN values strongly suggested prerenal AKI [30] ; therefore, the low FENa and FEUN values and the ineffectiveness of the crystalloid fluid infusion suggested decreased blood flow due to the dissection. Furthermore, the high PRA and PRA/PAC values were suggestive of decreased renal blood supply [31] . Post-operatively, the PRA/PAC ratio, FENa, FEUN, renal artery RIs, and ABI normalised. When an aortic dissection does not extend into the renal arteries, deciding on the appropriate stage for surgical treatment is difficult. In such cases, these parameters may be promising indicators of the need for surgery. In summary, the patient developed "temporary" ESKD owing to severe prerenal AKI caused by aortic dissection, notably without any anatomically direct obstruction of the renal arteries and did not require dialysis after the surgery. This case also highlights the usefulness of renal Doppler ultrasonography, urinary excretion fractions, and hormonal changes for evaluating renal blood perfusion, even in the absence of radiological signs of anatomical renal artery obstruction due to aortic dissection. 
